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The lack of some spatial symmetries in planar devices with Rashba spin-orbit interaction opens
the possibility of producing spin polarized electrical currents in absence of external magnetic field
or magnetic impurities. We study how the direction of the spin polarization of the current is related
to spatial symmetries of the device. As an example of these relations we study numerically the
spin-resolved current in graphene nanoribbons. Different configurations are explored and analyzed
to demonstrate that graphene nanoflakes may be used as excellent spintronic devices in an all-
electrical setup.
I. INTRODUCTION
One of the most important challenges in physics and
materials science is the exploration of novel systems and
physical mechanisms for spintronics, with the aim of de-
signing high-speed and low-power devices.1–4 In particu-
lar, the production and detection of spin-polarized cur-
rents by electrical means is a newly explored route to-
wards this goal. Remarkably, spin-dependent transport
can be achieved in systems with spin-orbit interaction
(SOI) in the absence of ferromagnetic contacts or exter-
nal magnetic fields.5 The extrinsic Rashba SOI couples
the orbital motion and the spin of the electron under
an external electric field, allowing for the manipulation
of spins without breaking time reversal symmetry.6 The
possibility to tune SOI in Rashba systems is increasing
the exploration of materials and devices which exploit
this effect.
Devices and materials with Rashba SOI are intensely
studied for spintronic applications, such as transition
metal dichalcogenides, (TMC)7,8 surfaces or novel two-
dimensional (2D) nanosheets,9–11 and one-dimensional
systems, i.e., nanowires.12,13 Theoretically, spin trans-
port has been studied in semiconductor quantum wires
with Rashba SOI and magnetic field modulations,14–17
and there are theoretical proposals for spin filters based
in 2D graphene18 and graphene nanoribbons with specific
geometries.19,20 Indeed, the experimental ability to fabri-
cate precise graphene nanoribbons (GNRs) by bottom-up
fabrication processes7,21 or by epitaxial growth on silicon
carbide22 signals these ribbons as potentially fundamen-
tal building blocks in nanoelectronics and is undoubtedly
one of the reasons to suggest them as spin-orbit-based de-
vices.
In pristine graphene the intrinsic SOI is negligible;23,24
however, other spin-orbit couplings induced by differ-
ent mechanisms such as hydrogenation, chemical func-
tionalization or proximity effect with materials with
strong SOI, have been theoretically proposed25–28 and
experimentally realized.29–33 The experimentally re-
ported enhancement of SOI in graphene due to weak
hydrogenation,31 gold hybridization,30 or proximity to
WS2
32 is of three orders of magnitude or larger, indi-
cating the possible use of graphene in spintronic devices.
Recently, a giant spin-Hall effect has been experimentally
measured in graphene, due to the dramatic increase of
SOI produced by Cu atoms on graphene grown by chem-
ical vapor deposition, reporting SOI splittings around 20
meV.34 Intercalation of Au atoms in graphene grown on
Ni has lead to SOI splittings around 100 meV due to
hybridization with gold atoms.30 Calleja et al. report
larger values when Pb is intercalated between graphene
and the Ir substrate.33 In addition, spin angle-resolved
photoemission spectroscopy experiments suggest that a
large Rashba-type SOI can be tuned in graphene by the
application of an external electric field:35,36 in samples
grown on Ni(111), splittings larger than 200 meV have
been reported.36 In nanotubes and curved graphene, hy-
bridization between pi and σ bands induces a SOI effect
larger than in graphene,37 so folds and wrinkles may also
increase SOI in graphene systems.38 Therefore, altering
graphene by hybridization is an active route to achieve
SOI values of interest for spintronics.
In this work we show that the existence or absence of
spin-polarized currents in planar devices can be predicted
based on a combination of time reversal and spatial sym-
metries. We give a global and comprehensive vision of
the possible spin polarization directions for planar ge-
ometries in Rashba systems. As an interesting example,
we discuss here the spin-dependent conductance of dif-
ferent GNRs, which also present electron-hole symmetry.
We show that anti-zigzag and anti-armchair GNRs with
an electric-field-induced Rashba coupling in the central
region, can produce a spin-polarized current in the di-
rection perpendicular to the ribbon, without the need of
breaking time reversal symmetry. Furthermore, we also
demonstrate that spin-polarized currents in the transver-
sal direction can appear in any nanoribbon of constant
width.
Indisputably, the discussed effects will be larger in
other materials, such as TMC7 or germanene and
stannene nanoribbons,9 but we choose graphene as a pro-
totype system to study SOI effects, which can be modeled
with a simple Hamiltonian,39 with the idea that sym-
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2metry reasoning is equally applicable to other materials
which require a more sophisticated calculation. Notwith-
standing, given the giant SOI experimentally reported
in graphene,29–34 we propose the use of perfect graphene
nanoribbons as magnetic-field-free spintronic devices.
II. GEOMETRY AND DEFINITIONS
We consider planar two-terminal devices as the one
shown in Fig. 1. The current flows between left (L)
and right (R) contacts along the longitudinal -direction.
The spin-orbit coupling occurs in the central part of the
device that is perturbed by a Rashba-like SOI generated
by an electric field applied perpendicular to the ribbon;
i.e., in the ep-direction. The unitary vector et defines the
transverse direction of the ribbon, i.e., across its width.
The conductance GLRσσ′(E) indicates the probability that
an electron in the left electrode with energy E and spin
pointing in the σ-direction reaches the right electrode
with spin pointing in the σ′-direction.
W
RL Conductor,(C)

el
et
ep
FIG. 1. (Color online) Schematic drawing of the device geom-
etry. Left (L) and right (R) contacts are pristine nanoribbons
without SO interaction. The conductor (C), shaded in red, is
the central part of the device with Rashba SOI, length `, and
width W .
III. SYMMETRY CONSIDERATIONS
In planar quasi-one-dimensional devices as those con-
sidered here, one can expect the following spatial sym-
metries:
(i) C2 rotation around ep. Under C2, the spatial, mo-
mentum and spin components change as (el, et, ep →
−el,−et, ep), (pl, pt, pp → −pl,−pt, pp), and (σl, σt, σp →
−σl,−σt, σp). Therefore, the conductance of the device is
invariant under these operations. This amounts to inter-
change the left and right electrodes, and invert the spin
direction along the el or et directions, i.e., G
LR
σσ′ = G
RL
σ¯σ¯′ ,
where σ¯ indicates a spin projection opposite to σ, and
σ′=±σ. For the spin direction perpendicular to the de-
vice, we get GLRσσ′ = G
RL
σσ′ .
(ii) Longitudinal mirror symmetry Ml. For Ml,
the spatial and momentum components transform as
(el, et, ep → el,−et, ep) and (pl, pt, pp → pl,−pt, pp), re-
spectively. For the spin components, recalling that the
spin transforms as an axial vector, we have (σl, σt, σp →
−σl, σt,−σp). Thus, this symmetry does not change the
roles of the electrodes, but changes the sign of the spin
projection when the spin direction is either el or ep, lead-
ing to the relation GLRσσ′ = G
LR
σ¯σ¯′ . Notice that this sym-
metry does not give any relationship for the conductance
when the spin direction is along et.
(iii) Transversal mirror symmetry Mt. Under Mt,
the spatial and momentum components transform as
(el, et, ep → −el, et, ep), (pl, pt, pp → −pl, pt, pp), whereas
the spin changes as (σl, σt, σp → σl,−σt,−σp). There-
fore, the relation GLRσσ′ = G
RL
σ¯σ¯′ is obtained when the spin
is pointing in the et or ep directions. Otherwise, for the
spin pointing in the longitudinal direction el, we obtain
the relation GLRσσ′ = G
RL
σσ′ .
TABLE I. Symmetries and the corresponding conductance
relations derived from them. First column: symmetries; sec-
ond column: spin projection directions; third column: spin-
resolved conductance relations. In this Table σ′=±σ.
Θ el, et, ep G
LR
σσ′ = G
RL
σ¯′σ¯
U el, et, ep G
LR
σσ′(E) = G
RL
σ′σ(−E)
Ml el, ep G
LR
σσ′ = G
LR
σ¯σ¯′
Mt
el G
LR
σσ′ = G
RL
σσ′
et, ep G
LR
σσ′ = G
RL
σ¯σ¯′
C2
el, et G
LR
σσ′ = G
RL
σ¯σ¯′
ep G
LR
σσ′ = G
RL
σσ′
Besides spatial symmetries, in the absence of magnetic
field time reversal symmetry (Θ) holds, implying GLRσσ′ =
GRLσ¯′σ¯. Finally, in presence of electron-hole symmetry (U),
the conductance as a function of the energy E satisfies
GLRσσ′(E) = G
RL
σ′σ(−E). All these relations are gathered
in Table I. These symmetry rules allow us to predict
the possibility of obtaining spin-polarized currents in any
planar devices. For an incident unpolarized current from
the left electrode, the spin polarization of the current in
the right electrode in the s-direction (s = l, t, p) is defined
as
Ps = G
LR
ss +G
LR
s¯s −GLRs¯s¯ −GLRss¯ . (1)
Therefore, from symmetry considerations we obtain that
in systems with Ml symmetry the spin polarization of the
current in the el and ep spin-directions are zero, whereas
in all the other cases a spin polarized current can be
obtained, albeit with different intensities and for various
reasons.
3ZIGZAG ANTI-ZIGZAG
ARMCHAIR ANTI-ARMCHAIR
Ml
Ml
Mt Mt
C2
C2
FIG. 2. Schematic drawing of the four considered central
conductors and their relevant spatial symmetries.
IV. SPIN-POLARIZED CURRENT IN
GRAPHENE NANORIBBONS
We consider the simplest possible geometry: a
graphene nanoribbon where the central region has a finite
Rashba SOI. The length of the conductor ` is given by
3accN for an armchair (AC) GNR and by
√
3accN for a
zigzag (ZZ) one, with N being the number of longitudinal
unit cells and acc the carbon bond length in graphene.
The ribbon width, W , is defined by the number of dimers
(zigzag lines) across the width of the armchair (zigzag)
nanoribbon, given hereafter by M . As the focus is on
transport properties, in the case of AC terminations we
restrict the study to metallic ribbons, i.e., those with
M = 3q + 2, q being an integer.40
Infinite zigzag GNRs have transversal mirror symme-
try Mt for any M , but this symmetry is not present in
a rectangularly cut finite-size flake of length N , such as
those depicted in the upper panels of Fig.2. The parity
of M defines two kinds of zigzag flakes: even-M zigzag
GNRs that have a longitudinal mirror symmetry Ml and
odd-M zigzag GNRs which are invariant under C2. The
M -odd zigzag ribbons are commonly called anti-zigzag
(AZZ), as shown in Fig. 2. For armchair GNRs, the more
symmetric configurations, with Ml, Mt and C2 symme-
tries, happen for M odd. M -even AC GNRs only have
Mt, both in the infinite case and in the finite flake and
they are called anti-armchair (AAC) ribbons, see Fig. 2.
The application of the symmetry relations summa-
rized in Table I to the GNR flakes depicted in Fig. 2
tells us the possibility of obtaining spin-polarized cur-
rents in graphene-based devices. Fig. 3 shows the rela-
tion between the spin-resolved conductances for different
graphene flakes. Note that for Mt and C2 symmetries,
it is necessary to consider also time reversal symmetry
Θ to obtain the relations between the spin-polarized cur-
rents flowing in the same direction, as indicated in Fig. 3.
The same symmetry arguments can be easily generalized
ZIGZAG
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FIG. 3. (Color online) Spin-resolved conductances as a func-
tion of the energy for an anti-armchair GNR of width M = 8
and SOI region of length N = 9.
tances for a M = 8 anti-armchair GNR with a SOI scat-
tering region of N = 9 unit cells.
It can be seen that GLR↑↑ ￿= GLR↓↓ , so there is a net
spin-polarized current, albeit small. In contrast, for the
anti-zigzag case these spin conductances are equal, but
the spin-flip ones are not. Fig. 4 shows the difference
between GLR↑↓ and G
LR
↓↑ for an anti-zigzag GNR of width
M = 9 with a SOI region of length N = 5.
This different behavior can be understood in terms of
the symmetries of the devices (leads plus conductor) sum-
marized in Fig. 2. On one hand, the anti-zigzag flake has
a C2 rotational symmetry around an axis perpendicular
to the plane of the nanoribbon (ep) which is not present
in the anti-armchair flake. On the other hand, the anti-
armchair flake presents a mirror plane in the transversal
direction, Mt. Let us start with the anti-zigzag case.
Under the C2 rotation, the transformations of spatial,
momentum, and spin components are (x, y → −x,−y),
(px, py → −px,−py) and (σx,σy → −σx,−σy), which
leaves the Hamiltonian invariant. Note that although
the spin projection in the z direction is unchanged under
C2, the L and R electrode roles are exchanged, therefore,
GLRσσ￿ = G
RL
σσ￿ . Besides, time reversal symmetry imposes
that
GLRσσ￿ = G
RL
−σ￿−σ, (3)
so both expressions lead to GLR↑↑ = G
LR
↓↓ . However, as
there is no relation between the spin-flip conductances,
we can expect that GLR↑↓ ￿= GLR↓↑ for anti-zigzag GNRs
when the spin projection direction is ep.
ZIGZAG
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Ml : G
LR
σσ￿ = G
LR
−σ−σ￿
x
y
z
⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
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Ml : G
LR
σσ￿ = G
LR
−σ−σ￿
⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑U
x
y
z
P↑↓ = ↓↑↑↑ ￿= ↓↓: G
LR
σσ￿ = G
RL
−σ−σ￿
+T.R.
C2
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FIG. 4. (Color online) Difference in the spin-flip conductances
as a function of the energy for an anti-zigzag GNR of width
M = 9 and SOI region of length N = 5.
With respect to the anti-armchair case, the system is
invariant under the transversal mirror reflection Mt. For
the present choice of coordinates, this means that the
Hamiltonian should be invariant under the transforma-
tions (x → −x), (px → −px) and (σy,σz → −σy,−σz).
Therefore, the L and R electrodes are interchanged, as
for C2. Moreover, under this mirror reflection the spin
σz changes it sign, leading to G
LR
σσ￿ = G
RL
−σ−σ￿ . Combin-
ing this equation with the time-reversal symmetry rela-
tion (3), it holds that GLR↑↓ = G
LR
↓↑ , while for the spin-
conserving conductances one cannot establish any rela-
tionship As a result, for anti-armchair GNRs we expect
GLR↑↑ ￿= GLR↓↓ when z is parallel to ep.
C2 :
￿
el, et → −el,−et
σl,σt → σ¯l,−σ¯t
Ml :
￿
et → −et
σl,σp → −σl,−σp
Mt :
￿
el → −el
σt,σp → −σt,−σp
Ml :
GLRσσ￿ = G
LR
−σ−σ￿ ⇒
￿
GLR↑↑ = G
LR
↓↓
GLR↑↓ = G
LR
↓↑
GLRσσ￿ = G
LR
−σ−σ￿ ⇒
￿
GLR↑↑ = G
LR
↓↓
GLR↑↓ = G
LR
↓↑
Ml : G
LR
σσ￿ = G
LR
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
4
(Ml) : G
LR
σσ￿ = G
LR
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
C2,Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
hola
TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric armchair
and zigzag ribbons, leads to the absence of spin polar-
ization for this choice of quantization axis. In both cases
we have that the Hamiltonian should be invariant under
(y → −y), (py → −py) and (σx,σz → −σx,−σz). Now L
and R do not change under Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be made at this point.
Firstly, the symmetries of the systems point out a way to
enhance the spin polarized current: breaking the C2 sym-
metry (zigzag) and theMt symmetry (armchair). This is
the approach followed by some authors, modeling semi-
conductor nanowires with Rashba SOI with an effective
model [? ], or symmetric zigzag ribbons combined with
different lengths [? ]. Secondly, note that theMl symme-
try operation does not affect the spin in the transversal
direction, and besides it does not exchange the role of the
left and right electrode. This means that the presence of
this symmetry will not yield any relation for the conduc-
tance if we choose the quantization axis along the width
of the nanoribbon. So it is worthwhile to consider the
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current and therefore the elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
conductances, we have that L and R leads interchange
their role and the spin projection also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have seen above that this rela-
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductances do not only
depend on the type of ribbon, but also on the choice of
quantization direction for the spin.
For the anti-armchair ribbon, the transversal mirror
symmetry yields the same expressions as for the previous
quantization axis, so again GLR↑↓ = G
LR
↓↑ . And once more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of this geometry.
As discussed above, when the spin projection direc-
tion is taken along et, the existence of the longitudinal
mirror symmetry does not lead to any condition on the
spin-resolved conductances. This means that for this
particular spin direction, polarized currents can be ob-
served even for symmetric zigzag and armchair nanorib-
bons. This assertion is verified in Fig. ??, which presents
the spin-resolved conductances for a symmetric armchair
ribbon, with a spin polarization similar to that of an
asymmetric ribbon of similar size. The difference in the
spin up and down conductances for a symmetric zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, the spin polarization in
the transversal direction is largest, as it has been also re-
ported by other authors [? ]. This fact can be understood
by analyzing the expression of the SOI Rashba term in a
continuum model: without fixing any particular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
it can be expected a maximum contribution when the
directions of the electric field E, the current direction k
and the spin are orthogonal, as it happens with the spin
projected in the transversal direction.
In summary, we have studied the transport properties
of nanoribbons with Rashba spin-orbit coupling, con-
sidering an electric field applied perpendicularly to the
graphene plane. We calculate spin-dependent transport
on achiral graphene nanoribbons, taking into account dif-
ferent spin polarization directions: parallel and transver-
sal to the electric field direction. We were able to predict
the existence or not of the spin polarization on the basis
of symmetry rules, including spatial mirror reflections,
rotation and time reversal symmetries. They are shown
to be crucial in the determination of such spin responses.
We consider that these findings will be quite useful for a
smart design of spin-dependent graphene devices.
4
(Ml) : G
LR
σσ￿ = G
LR
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
C2,Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
hola
TABLE I. Sy metries of the graphen flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric armchair
and zigzag ribbons, leads to the absence of spin polar-
ization for this choice of quantization axis. In both cases
we have that the Hamiltonian should be invariant under
(y → −y), (py → −p ) and (σx,σz → −σx,−σz). Now L
and R do not change under Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation lone rules
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be made at this point.
Firstly, the symmetries of the systems point out a way to
enhance the spin polarized current: breaking the C2 sym-
metry (zigzag) and theMt symmetry (armchair). This is
the approach followed by some authors, modeling semi-
conductor nanowires with Rashba SOI with an effective
model [? ], or symmetric zigzag ribbons combined wi
different lengths [? ]. Secondly, note that theMl symme-
try operation does not affect the spin in the transversal
direction, and besides it does not exchange the role of the
left and right electrode. This means that the presence of
this symmetry will not yield any relation for the conduc-
tance if we choose the quantization axis along the width
of the nanoribbon. So it is worthwhile to consider the
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose
in the direction of the current and therefore the elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
conductances, we have that L and R leads interchange
their role a d the spin projection also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . W have s en above that this rela-
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductances do not only
depend on the type of ribbon, but also on the choice of
quantization direction for the spin.
For the anti-armchair ribbon, the transversal mirror
symmetry yields the same expressions as for the previous
quantization axis, so agai GLR↑↓ = G
LR
↓↑ . And o ce more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of this geometry.
As discussed above, when the spin projection direc-
tion is taken along et, the existence of the longitudinal
mirror symmetry does not lead to any condition on the
spi -resolved conductances. This m ans that for this
particular spin d rection, polarized currents can be ob-
served even for symmetric zigzag and armchair nanorib-
bons. This assertion is verified in Fig. ??, which presents
the spin-resolved conductances for a symmetric armchair
ribbon, with a spin polarization similar to that of an
asymmetric ribbon of similar size. The difference in the
spin up and down conductances for a symmetric zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, the spin polarization in
the transversal direction is larg st, as it has been also re-
ported by other authors [? ]. This fact can be understood
by analyzing the expression of the SOI Rashba term in a
continuum model: without fixing any particular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
it can be expected a maximum contribution when the
directions of the electric field E, the current direction k
and the spin are orthogonal, as it happens with the spin
projected in the transversal direct on.
In summary, we have studied the transport properti s
of nanoribbons with Rashba spin-orbit coupling, con-
sidering an electric field applied perpendicularly to the
graphene plane. We calculate spin-dependent transport
on achiral graphene nanoribbons, taking into account dif-
ferent spin polarization directions: parallel and transver-
sal to the electric field direction. We were able to predict
the existence or not of the spin polarization on the basis
of symmetry rules, including spatial mirror reflections,
rotation and time reversal symmetries. They are shown
to be crucial in the determination of such spin responses.
We consider that these findings will be quite useful for a
smart design of spin-dependent graphene devices.
↑↑ = ↓↓
↑↓ = ↓↑
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C2,Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
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σσ￿ = G
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
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TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → − t el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric armchair
a d zigzag ribbons, leads to the absence of spin polar-
ization for this choice of quantization axis. In both cases
we have that the Hamiltonian should be invariant under
(y → −y), (py → −py) and (σx,σz → −σx,−σz). Now L
and R do not change und r Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ d rive from it.
Two observ tions should be made at this point.
Firstly, the symmetries of the systems point out a way to
nhance the spin polarized current: breaking the C2 sym-
metry (zigz g) and theMt symmetry (armchair). This is
the approach followed by some authors, modeling semi-
conduct r nanowires with Ra hba SOI wi h an effective
model [? ], or symmetric zigzag ribbons c mbined with
different lengths [? ]. Seco dl , ote that th Ml symme-
try operation does not affect the spin in the transversal
d rection, and besides it does not exchange the role of the
left and right electrode. This means that the presence of
this symmetry will not yield any relation for the conduc-
tance if we ch ose the quantizat on axis alon width
of e anoribbo . So it is worthwhile to consider the
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current and therefore the elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
conductances, we have that L and R leads interchange
their role and the spin projection also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have seen above that this rela-
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductances do not only
depend on the type of ribbon, but also on the choice of
quantization direction for the spin.
For the anti-armchair ribbon, the transversal mirror
symmetry yields the same expressions as for the previous
quantization axis, so again GLR↑↓ = G
LR
↓↑ . And once more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of this geometry.
As discussed above, when the spin projection direc-
tion is taken along et, the existence of the longitudinal
mirror symmetry does not lead to any condition on the
spin-res lved conductances. This means that for this
particular spin direction, polarized currents can be ob-
served even for symmetric zigzag and armchair nanorib-
bons. This assertion is verified in Fig. ??, which presents
the spin-resolved conductances for a symmetric armchair
ribbon, with a spin polarization similar to that of an
asymmetric ribbon of similar size. The difference in the
spin up and down conductances for a symmetric zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, the spin polarization in
the transversal direction is largest, as it has been also re-
ported by other authors [? ]. This fact can be understood
by analyzing the expression of the SOI Rashba term in a
continuum m del: without fixing any particular direction
for th magnitudes involved, HR ∝ (σ × k) · E. Thus,
it can be expected a maximum contribution when the
directions of the electric field E, the current direction k
d the spin are orthogonal, as it happens with the spin
project d in the transversal direction.
In summa y, we have studied the transport properties
of nanoribbons with Rashba spin-orbit coupling, con-
sidering an electric field applied perpendicularly to the
graphene plane. We calculate spin-dependent transport
on achiral graphene nanoribbons, taking into account dif-
fe ent spin polarization directions: parallel and transver-
sal to the electric field direction. We were able to predict
the existence or not of the spin polarization on the basis
of symmetry rul s, including spatial mirror reflections,
rotation a d time reversal symmetries. They are shown
to be crucial in t e determination of such spin responses.
We consider that these findings will be quite useful for a
smart design of spin-dependent graphene devices.
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TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric armchair
and zigzag ribbons, leads to the absence of spin polar-
ization for this choice of quantization axis. In both cases
we have tha the Hamiltonian should be invariant under
(y → −y), (py → −py) and (σx,σz → −σx,−σz). Now L
and R do not change u der Ml, bu σz change its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be made at this point.
Firstly, the symmetries of the systems point out a way to
enhance the spin polarized curre t: breaking t C2 sym-
m try (zigzag) and th Mt symm try (a mchair). This is
the approach followed by some authors, mod ling semi-
conductor nanowires with Rashba SOI with an effective
model [? ], or symmetric zigzag ribbons combined with
different lengths [? ]. Secondly, note that theMl symme-
try operation does not affect the spin in the transversal
direction, and besides it does not exchange the role of the
left and right electrode. This mea s that e presence of
this symmetry will not yield any relation for the conduc-
tance if we choose the quantization axis along the w dth
of the anoribbon. So it is orthwhile to consider the
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current and therefore elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
con uctances, we have that L and R leads interchange
their role and the spin projection also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have seen above that this rela-
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductances do not only
depend on the type of ribbon, but also on the choice of
quantization directio f r the spin.
For the anti-armchair ribbon, the transversal mirror
symmetry yields the same ex ressions as for t e previous
quantization axis, o again GLR↑↓ = G
LR
↓↑ . And once m re,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of this geometry.
As d scussed above, when the spin projection direc-
tion is taken along et, the existence of the longitudinal
mirror symme ry does not lead to any condition on the
spin-resolved conductances. This means that fo this
particular spin direc ion, olarized currents can be ob-
served even for symmetric zigzag and armchair nanorib-
bons. This assertion is verified in Fig. ??, which presents
the spin-resolved conductances for a symmetric armchair
ribbon, with a spin polarization similar to that of an
asymmetric ribbon of similar size. The difference in the
spin up nd down conductances for a symmetric zigzag
ribb is give in Fig. ??.
For all t e ribbons explored, the spin polarization in
the transversal direction is largest, as it has been also re-
ported by other authors [? ]. This fact can be understood
by analyzing the expression of the SOI Rashba term in a
continuum model: without fixing any particular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
it can be exp cted a maximum contribution when the
direc ions of the electric field E, the current direction k
and the spin are orthogonal, as it happens with he spin
projected in the transversal direction.
In summary, we have studied the transport properties
of nanoribbons with Rashba spin-orbit coupling, con-
sidering an electric field applied perpendicularly to the
graphene plane. We calculate spin-dependent transport
on achiral graphe e nanoribbons, taking into account dif-
ferent spin polarizat directions: parallel and transver-
sal t the electric field dir ction. We were able to predict
the exist nc or not of the spin polarization on the basis
of symmetry rules, including spatial mirror reflections,
rotation and time reversal symmetries. They are shown
to be crucial in the determination of such spin responses.
We consider that these findings will be quite useful for a
smart design of spin-dependent graphene devices.
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σ¯σ¯￿ ⇒
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σσ￿ = G
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σσ￿ ⇒
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TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric armchair
and zigzag ribbons, leads to e absence of spi p lar-
ization for this choice of quantization axis. I both cases
we have that the Hamiltonian should be invariant under
(y → −y), (py → −py) and (σx,σz → −σx, z). Now L
and R do not change under Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be made at this point.
Firstly, the symmetries of the systems point out a way to
enhance the spin polarized current: breaking the C2 sym-
metry (zigzag) and theMt symmetry (armchair). This is
the approach followed by som authors, modeling semi-
c duct r nanowires with Ra hba SOI with a eff ctive
od l [? ], or sy metric zigz g ri bons co bined wi
different lengths [? ]. S co ly, note that theMl symm -
try opera ion does not affect the spin in the transversal
direction, and besides it does not exchange the role of the
left and right electrode. This means that the pr sence of
this symmetry will not yield any relation for the conduc-
tance if we choose the quantization axis along the width
of the nanoribbon. S i is worthwhile to consider the
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag ca es for this hoice.
Spin projection along the width of the GNR (z ￿
et). No we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current and therefore the elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolv d
conductances, we have that L and R le ds interchange
their role and the spin projec ion also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have seen above that this rela-
tion combined with time-reversal sy metry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductances do not only
depend on the type of ribbon, but also on the choice of
quantizatio direction for the spin.
For the anti-armchair ribbon, the transversal mirror
symmetry yields the same expressi ns as for the previous
quantization axis, so gain GLR↑↓ = G
LR
↓↑ . And once more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a partic lar case of this geometry.
As discussed above, when the spin projection direc-
tion is taken along t, the existence of the longitudinal
mirror symmetry does not lead to any condition on the
spin-resolved co ductances. This means that for this
particular spin direction, polarized currents can be ob-
served even for symmetric zigzag and armchair nanorib-
bons. This as ertion is verified in Fig. ??, which presents
the spin-resolv d conductances for a sy metric armchair
ribb , with i polarizatio similar to that of an
asymmetric ribbon of s milar s ze. The difference in the
spin up and down conductances for a symme ric zigzag
ribbo is given in Fig. ??.
For all the ribbons explored, the spin polarization in
the transversal direction is largest, as it has been also re-
ported by other authors [? ]. This fact can be understood
by analyzing the expression of the SOI Rashba term in a
continuum model: without fixing any particular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
it can be expected a maximum contribution when the
directions of the electric field E, the current direction k
and the spin are orthogonal, as it appens with the spin
projected in the transve s l direction.
In summary, we av studi d th transport properti s
of n oribbons with Ras ba spin-orbit coupling, con-
sidering an lectric field applied pe pendicularly to the
graphene plane. We calculate spin- ependent transport
on achiral graphene nanoribbons, t king into account dif-
ferent spin polarization directions: parallel and transver-
sal to the electric field direction. We were able to predict
the existence or not of the spin polarization on the basis
of symmetry rules, including spatial mirror reflections,
rotati and me rev rsal symmetries. They are shown
to be cru ial in he determination of such spin responses.
We consider that these findings will be quite useful for a
smart design of spin-dependent graphene devices.
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TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, t → −el,−et et → −et el → −el
σl, t → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl, p
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric armchair
and zigzag ribbons, leads to the absence of spin polar-
ization for this choice of quantization axis. In both cases
we have that the Hamiltonian should be invariant under
(y → −y), (py → −py) d (σx,σz → −σx,−σz). Now L
and R do not change under Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be ade at this point.
Firstly, the symmetries of th systems point out a way to
enhance the spin pola ized current: breaking t e C2 sym-
metry (zigzag) and theMt symmetry (armchair). This is
the approach fo lowed by some authors, modeling semi-
conductor nanowires with Rashba SOI with an effective
model [? ], or symmetric zigzag ribbons combined with
different lengths [? ]. Secondly, note that th Ml symme-
try operation does not affect the spin in the transv rsal
direction, and b sides it does not exchange the role of the
left and right electrode. This means that the presence of
this symmetry will not yield any relation for the co duc-
tance if we choose the quantization axis along the width
of the nanoribbon. So it is worth hile to consider the
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetri
armchair and zigzag cases for this choice.
Spin projectio along the w dth f the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current and therefore the elec-
tri field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to th x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
conductances, we have that L and R leads interchange
their role and the spin projection also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have seen above that t is rel -
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin proj ction direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductanc s do n t only
depend on the type of ribbon, but also on the choice of
quantiza ion direction for the spin.
For the anti-armchair ribbon, the transversal mirror
symme ry yields the ame expressions as for the previous
quantization axis, so again GLR↑↓ = G
LR
↓↑ . A d onc more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 llustrates a particular case of this geometry.
As discussed above, when the spin projection direc-
tion is t ken long et, the exist nce of the longitudinal
irror symmetry oes not lead to a y condition on the
spi -resolved conductances. This mean that for is
particular spin direction, p larized curr nts can be ob-
rved even for symmet ic zigzag and armchair n norib-
bons. This assertion is verified in Fig. ??, which presents
t e pin-resolved conductances for a symmetri armchair
ribbon, with a spin polarization similar to that of an
asymmetric ribbon of similar size. The difference in the
spin up and down conductances for a symmetric zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, the spin polarization in
the transversal direction is largest, as it has been also re-
ported by other authors [? ]. This fact can be understood
by analyzing the expression of the SOI Rashba term in a
continuum model: without fixing any particular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
it c n be expecte a aximum contribution when the
directions of the electric field E, the current direction k
an the spin are orthogo al, as it happens with the sp n
projected in the transversal direction.
In summary, we have studied the transport properties
of ano ibbons with Rashba spi -orbit coupling, on-
sidering an electric field applied perp ndicularly to the
graphene plane. We calculate spin-dependent transport
on achiral graphene nanoribbons, taking into account dif-
ferent spin polarization directions: parallel and transver-
sal to the electric fi ld direction. We wer able t predict
the existence or not of the spin polarization on the basis
of symmetry rules, including spatial mirror reflections,
rotation and time reversal symmetries. They re shown
to be crucial in the determination of such spin responses.
W consider at these findings will be quite useful for a
smart design of spin-dependent graphene devices.
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FIG. 3. (Color online) Spin-resolved conductances as a func-
tion of the energy for an anti-armchair GNR of width M = 8
and SOI region of length N = 9.
tances for a M = 8 anti-armchair GNR with a SOI scat-
tering region of N = 9 unit cells.
It can be seen that GLR↑↑ ￿= GLR↓↓ , so there is a net
spin-polarized current, albeit small. In contrast, for the
anti-zigzag case these spin conductances are equal, but
the spin-flip ones are not. Fig. 4 s ows the diff rence
between GLR↑↓ and G
LR
↓↑ for an anti-zigzag GNR of width
M = 9 with a SOI region of length N = 5.
This different behavior can be understood in terms of
the symmetries of the devices (leads plus conductor) sum-
marized in Fig. 2. On one hand, the anti-zigzag flake has
a C2 rotational symmetry around an axis perpendicular
to the plane of the nanoribbon (ep) which is not present
in the anti-armchair flake. On the other hand, the anti-
armchair flake presents a mirror plane in the transversal
direction, Mt. Let us start with the anti-zigzag case.
Under the C2 rotation, the transformations of spatial,
momentum, and spin components are (x, y → −x,−y),
(px, py → −px,−py) and (σx,σy → −σx,−σy), which
leaves the Hamiltonian invariant. Note that although
the spin projection in the z direction is unchanged under
C2, the L and R electrode roles are exchanged, therefore,
GLRσσ￿ = G
RL
σσ￿ . Besides, time reversal symmetry imposes
that
GLRσσ￿ = G
RL
−σ￿−σ, (3)
so both expressions lead to GLR↑↑ = G
LR
↓↓ . However, as
there is no relation between the spin-flip conductances,
we can expect that GLR↑↓ ￿= GLR↓↑ for anti-zigzag GNRs
when the spin projection direction is ep.
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FIG. 4. (Color online) Difference in the spin-flip conductances
as a function of the energy for an anti-zigzag GNR of width
M = 9 and SOI region of leng h N = 5.
With respect to the anti-armchair case, the system is
invariant under the transversal mirror reflection Mt. For
the present choice of coordinates, this means that the
Hamiltonian should be invariant under the transforma-
tions (x → −x), (px → −px) and (σy,σz → −σy,−σz).
Therefore, the L and R electrodes are interchanged, as
for C2. Moreover, under this mirror reflection the spin
σz changes it sign, leading to G
LR
σσ￿ = G
RL
−σ−σ￿ . Combin-
ing this equation with the time-reversal symmetry rela-
tion (3), it holds that GLR↑↓ = G
LR
↓↑ , while for the spin-
conserving conductances one cannot establish any rela-
tionship As a result, for anti-armchair GNRs we expect
GLR↑↑ ￿= GLR↓↓ when z is parallel to ep.
C2 :
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￿
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4
(Ml) : G
LR
σσ￿ G
LR
σσ￿ ⇒ ↑↑ = ↓↓↑↓ = ↓↑
C2,Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
hola
TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the addi io al longit di-
nal mirror symmetry Ml, present in symmetric armchair
and zigzag ribbons, leads t the absence of spin polar-
ization for this choice of quantizat on axis. In both cases
we have that the Hamiltonian should be invaria t under
(y → −y), (py → −py) and (σx,σz → −σx,−σz). Now L
and R do not change under Ml, but σz changes its ign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibility of a spin polarized current, for th
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be made at this point.
Firstly, the symmetries of the systems poin out a way to
enhance the spin pola ized current: breaking the C2 sym-
metry (zigzag) and theMt symmetry (armchair). This is
the approach followed by some authors, modeling semi-
conductor nanowires with Rashba SOI with n effective
model [? ], or symmetric zigzag ribbons co b ned with
different lengths [? ]. Sec dly, note that theMl symme-
try operation does not affect the spin in th transv rsal
direction, and besides it does not exchange the role of the
left and right electrode. This m ans that the presenc of
this symmetry will not yield any relation for the conduc-
tance if we choose the quantization axis along the width
of the nanoribbon. So it is w rthwhile to consider the
spin projection direction al g nd, besides th an i-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current therefore the elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 ro ation with respect o the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
conductances, we have that L and R leads interchange
their role and the spin projection also cha ges sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have seen above that this rela-
tion combin d with time-reversal symmetry i plies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin projection direction is due to the
inequality o GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the diffe ent spin-resolved conductances do not only
depend n the typ of ribbon, but also on the choice of
quantization direction for the spi .
For the anti-a mc air ribbon, the transversal mirror
symmetry yields the same expressions as for the previous
quant zation axis, so again GLR↑↓ = G
LR
↓↑ . And once more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illu tra es a part cul r c se of this geometry.
As discussed above, when th spin p ojection direc-
tio is take along et, the existence of the l ngitudin l
mirror symmetry does not lead to any condition on the
spin-resolved conduct nces. This means that for this
particular spin direction, polarized currents can be ob-
served even for symmetric zigzag and armchair nanorib-
bons. This as ertion is verified in Fig. ??, hich presents
the spin-resolved conductances for a symmetric armchair
ribb , with a spin polariz tion imilar to that of an
asymmetric ribbon of similar size. The diffe ence in t e
spin up and down conductances for a symmetric zigzag
ribbon is given in Fig. ??.
For all the ribb ns explor d, the spin polariz tion i
the transversal direction is larg st, as it ha been also re-
ported by other authors [? ]. This fact can be understood
by analyzing the expression of the SOI Rashba term in a
continuum model: without fixing any particular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
t an be xp cted a maximum c tribution when he
directions of the electric field E, the current directi k
and the spin are orthogonal, as it happens with the spin
projected in the transversal dir cti .
In summary, we have studied the tran port properties
of nanoribbons with Rashba spin-orbit coupling, con-
sideri g an electric field ap lied perpe dicularly to the
graphene pl ne. We calculate spin-dependent trans ort
on achiral graphe e nanoribbons, taking into acco nt dif-
ferent spin polarization directions: parallel and transver-
sal to the electric field direction. We were able to predict
the existenc or not of the spin polarization on the basis
of symmetry rules, including spatial mi ror reflections,
rotation and time reversal symmetries. They are shown
to be crucial in the determination of such spin responses.
We consider that these findings will be quite useful for a
sm rt design of spin-dependent graphene devices.
↑ = ↓
↑↓ = ↓↑
↑↓ = ↓↑
↑↑ ￿= ↓↓
4
(Ml) : G
LR
σσ￿ = G
LR
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
C2,Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒ ↑↑ = ↓↓↑↓ ￿= ↓↑
hola
TABLE I. Symmetries of the graphen flak s.
C2 Ml Mt
el, et → −el,−et et → −et el → − l
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the ddi io al longitudi-
nal mirror symmetry Ml, present in symmetric armchair
and zigzag ribbons, leads to the absence of pin polar-
ization for this choic of quan iz tion axis. In both cases
we have that the Hamiltonian should be invariant under
(y → −y), (py → −py) and (σx,σz → −σx,−σz). Now L
and R do not change under Ml, but z chang s its ign
The efore, GLRσσ￿ = G
LR
−σ−σ￿ , a d this relation alone rules
out the possibility of a spin pol riz d current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive f om it.
Two observations should be ma e at this point.
Firstl , the sy metries of the systems point out a way to
enhance the spin pol iz d current: reaking the C2 sym-
metry (zigzag) a the t sy metry ( rm h ir). This is
he approach foll we by some au hors, modeling emi-
conductor nan wires with ash a SOI with an effective
model [? ], or symmetric zigzag ribbons co bined with
different lengths [? ]. Seco dly, note that theMl symme-
try operation does not affect the spin in the transversal
direc ion, and bes des it does not exchang the role of the
left and right electrode. This means that the presence of
this symmetry will no yield any rela ion for the co duc-
tance if we choose the quantization axis along the width
of the nanoribbon. So it is worthwhile to consider the
spin projection direction along et and, bes es the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current and therefor the elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to t e x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for he spin-resolved
conductances, we have that L and R leads intercha g
their role and the spin p jection lso changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We ave seen above that this ela-
tion combined with time-revers l symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, ind ed, he spi polar-
ized current for this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductances do not ly
dep nd o th type of ribbon, but a so on the cho ce of
quantization direction for the spin.
For the anti-armchair ribbon, the transve sal mirro
symmetry ields the sa e ex ressions a f r th p evi us
quantization axis, s again GLR↑↓ = ↓↑ . And once more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of thi geom try.
As discussed above, wh n the spin roject on direc-
tion is taken along et, the existence of longitudinal
mirror symmetry d es not lead to any condition on the
spi -resolved conductances. This mea s that for this
particular spin direction, polari ed cur ents can be ob-
served eve for symmetric zigzag and armc ai na orib-
bons. This asser ion is verified in Fig. ??, which presents
the spin-resolved conductances for a symmetr c armchair
ribbon, w th a spin polariza ion similar to that of n
ymmetric ribbon of sim lar siz . Th differen e in the
spin up and down conductances for a symmetri zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, spin pol rization in
the transversal irection is largest, s it has been also re-
ported by other authors [? ]. This fact c n be understood
b nalyzing the expression of the SOI Rashba term in a
co t nuum model: without fixing any articular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
it an be expected a maximum contr buti n when th
directions of the ele ic field E, th current direction k
and the spin are orthogon l, as it happe s with the s in
projected in t transversal direction.
In summary, we have studied the transport properties
of nanoribbons with Rashba spin-o bi coupling, con-
sidering an electric field applied perpendicularly to the
gr phene plane. We ca culate pin-dependent transport
on achiral graphene nanoribbons, taking into account dif-
ferent spin polar zation directio s: parallel and transver-
sal to th e ectric field direction. We were able to predict
the existence or not of the spin polarizati n on the basis
of symmetry rules, including spatial mirror reflections,
rota ion and tim reversal symmetries. They are shown
to be crucial in the determination of such spin responses.
We consider that these findings will be quite useful for a
smart design of spin-dependent graphene devices.
4
(Ml) : G
LR
σσ￿ = G
LR
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
(Ml, C2,Mt) : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
 ( 2,Mt)↑↑ = ↓↓↑↓ ￿= ↓↑
(C2, Mt)
(C2, Mt)(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
hola
TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric rmchair
and zigzag ribb ns, leads to the absence of spin p ar-
ization for this choice of quantization axis. I both cases
we have that the Hamiltonian hould be invariant u d r
(y → −y), (py → −py) and (σx,σz → −σx,−σz). Now L
and R do not c nge under Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be made at this point.
Firstly, the symmetries of the systems point out a way to
enhance the spin polariz d current: br aking the C2 sym-
metry (zigzag and theMt symmetry (armchair). This is
the approach followed by some authors, modeling semi-
conductor nanowires with Rashba SOI with an effective
model [? ], or symmetric zigzag ribbons combined with
different lengths [? ]. Sec ndly, note that theMl symm -
try oper tion does not affect the spin i the transversal
direction, and besides it does not exchange th role of the
left and right electrode. This means that the presence of
this symmetry will ot yield any relation for the conduc-
tance if we choose the quantization axis along the width
of the nanoribbon. So it is worthwhile to consider the
spin projection direction alo g et and, besides the ti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the curre t and therefore the elec-
tric field is alo g the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respec to the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
conductances, we have that L and R leads interchange
their role and the spin projection also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have seen above that this rela-
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin pol r-
ized current for this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the different spin-resolved conductances do not only
depend on the type of ribbon, but also on the choice of
quantization direction for the spin.
For the anti-armchair ribbo , the tra sversal mirror
symmet y yields the same expressions as for the previous
quantization axis, so again GLR↑↓ = G
LR
↓↑ . And once ore,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of this geometry.
As discussed above, wh n the spin projection irec-
tion is taken along et, the existence of the longitudinal
mirror symmetry does not lead to any condition on the
spin-resolve conductances. Th s means that for thi
particular spin directio , polarized current can be ob-
served even for symmetric zigzag and armch ir nanorib-
bons. This assertion is verified in Fig. ??, which presents
the spin-resolved conductances for a symmetric rmchair
ribbon, wi a spi polarizatio similar to that of an
asy metric ribbon of similar size. The difference in the
spin up and down conduc ances for a symme ric zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, the spin polari atio n
the transversal di ction is large t, as it has b en also re-
ported by other auth rs [? ]. This fact can be understood
by analyzing the expression of the SOI Ras ba term in a
continuum model: without fixing any particular direction
for the magnitudes involved, HR ∝ (σ × k) · E. Thus,
it an be exp cted a maxi um ontribution when the
directions of the electric fi ld E, the current direction k
and the spin are orthogonal, as it happens with the spin
projected in the transversal direction.
In summary, we ave studied the transport prop rties
of nanor bons wit Rashba spin-orbit coupling, con-
sidering an elec ric field applied perpe dicularly to t
graphene plan . We calculate spin-dependent ransp rt
o ac iral graphene anoribbons, taking int account dif-
ferent spin polarization directio s: parallel and transver-
sal to the electric fi ld direction. We were able to predict
the existence or not of the spin polarization on the basis
4
(Ml) : G
LR
σσ￿ =
LR
σσ￿ ⇒
￿ ↑↑ ↓
↑↓ = ↓↑
(Ml, C2,Mt) : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
 (C2,Mt)↑ = ↓↑↓ ￿= ↓↑
(C2, Mt)
(C2, Mt)(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓
↑↓ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓
↑↓ ￿= ↓↑
hola
TABLE I. Symmetries of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp −σl,−σp
It is instructive to verify how the additional longitudi-
nal mirror symmetry Ml, present in symm tric armchair
and zigzag ribbons, leads to the absence of spin polar-
ization for this choice of quantization axis. In bot c se
we have that the Hamiltonian hould be invariant under
(y → −y), (py → −py) a d (σx,σz → −σx,−σz). N w L
and R do n t change under Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this r lation lone r les
out the possibility of a spin polarized current, for both
GLR↑↑ = G
LR
↓↓ a d G
LR
↑↓ = G
LR
↓↑ deriv fro it.
Two observations should be mad at this point.
Firstly, the symmetries f the systems point out a way to
enhanc the spin pol rized curren : breaking the C2 sym-
metry (zigzag) and theMt symmetry (armchair). This is
the approa h followed by some aut ors, modeling semi-
conductor nanowires with Rashba SOI with an eff ctive
model [? ], or symmetric zigzag ribbons combin d with
different length [? ]. Secondly, note that theMl ymme-
try operati does not affect th spin in the transversal
direction, and besides it do s not exch ge the rol of the
left and right el ctrode. This means that the presence of
this symmetry will not yield any rel ti for the conduc-
tance if w choose the quantization axis along the width
of the nano ibbon. So it is worthwhile to conside the
spin projectio direction along et a , besides t e anti-
zigzag and nti-armchair ribbons, revisit the symmetric
armchair a d zigzag cases for this choice.
Spin projection along t width of the GNR (z ￿
et). Now we set the z quantization axis parall l to
the nanoribbon transversal direction et. We ch ose y
in the direction of the current an therefore t elec-
tric field is alo g the x directi . For the anti-zigzag
ribbon, under a C2 otation with respect to the x axis
we h ve that (y, z → −y,−z), (py, pz py, pz)
and (σy,σz → −σy,−σz). T us, for the spin-resolv d
conductances, we have that L and R leads interchange
their role and the spin p oj ctio also ch nges sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We ave seen above that this r la-
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, th spi polar-
ized current for this spin projection direction is du to the
inequality of GLR↑↑ and G
LR
↓↓ . Th refore, the symmetries
of the different spin-resolved conduct ces do ot only
depend o the type of ribbon, but also on the choic of
quantization direction for the spin.
For the anti-armchair ribbon, the tra sversal mirror
symmetry yields the s me expressions as for he previous
quantization axis, so again GLR↑↓ = G
LR
↓↑ . And once more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of this geometry.
As discussed above, when the spin projection direc-
tion is taken along et, the existence of the longitudinal
mirror symmetry d es not lead to any condition on the
spi -resolved co ductances. This means that for this
particular spin direction, polarized currents can be ob-
served even for symmetric zigzag nd armchai na orib-
bons. This assertion is verified in Fig. ??, which presents
the spin-resolved conductances for a symm tric armc i
ribbon, wit a spin polarization similar to th t of an
asymmetric ribbon f similar ize. The differe ce in he
spi up and down conductances for a symmet ic zigzag
ribbon is giv n in Fig. ??.
For all the ribbons explored, the spin polarization in
the transv rsal direction i l rg st, as it ha been also re-
p rted by other authors [? ]. This fact can be understood
by analyzi g the expr ssion of the SOI Rashba te m in a
continuum model: without fixing any particular direction
for the magnitudes inv lved, HR ∝ (σ × k) · E. Thus,
it can b xpected a maxi um contribution wh n the
directions of the electric field E, the current direction k
and the spin are orthogonal, as it happens with the spin
projec ed in the transv rs l directio .
In summary, we have studied the ransport prope ties
of nanoribbons with R shba pi -orbit coupling, con-
sidering an el ctric field appli d p rpendi ula ly to e
graphe e pla e. We c lcul te spin- epend n transport
on chiral grap ene nanoribbons, taki g into ccou t dif-
ferent spin polarization directions: parallel and transver-
sal to the electric field directio . We were able t predict
the existence or not of the spin polarizatio on the basis
↑↑ = ↓↓
↑↓ ￿= ↓↑
4
(Ml) : G
LR
σσ￿ = G
LR
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
C2,Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ =
RL
σ¯σ¯￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
hola
TABLE I. Symmetr es of the graphe flakes.
C2 Ml Mt
el, et → −el,− t t → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive t v ify how the a diti nal longitudi-
nal mirro symmetry Ml, present in ym e ric armchair
and zigzag ribbons, leads to th absence of spin lar-
ization for this choice of quantiza ion axis. In both cases
we hav at the Hamiltonian s ould be i variant und r
(y → −y), (p → −py) and (σx,σz → −σx,−σz . Now L
and R d no chang u er Ml, bu σz hanges its sign.
T refore, GLRσσ￿ = G
LR
−σ−σ￿ , nd th s relation al ne rul s
ou the possib li y of a pin pola ized cur ent, for bo
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ erive from it.
T o observati ns should b made at this point.
Fi s ly, the symmetries of the systems poin out a way to
enha ce the spin polarized current: bre king the C2 sym-
metry (zigzag) and theMt symmetry (armch ir). This is
h appr ach f llowe by so author , modeling semi-
cond tor nanowires with Rashba SOI with a ffectiv
model [? ], or symm tric zigzag ribbon combined wi h
different leng hs [? ]. Secondly, note that theMl symme-
t y operation does not affect t e spin in the transversal
direction, and besides it does no excha ge the role of th
left and right lec rod . This means that the resence of
this symmetry will not yield any relation for the conduc-
tance if we choose the quantization axis along the width
of the nanoribbon. So it is worthwhile to consider the
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal dir ction et. We choos y
in the direction of he curr nt and th refore th elec-
tric field is along the x direction. For the anti-zigzag
ribbon, u der a C2 rotati n with respect to the x axis
w h ve that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for th spin-resolved
conducta ces, we hav t t L and R leads interchange
their role a t i p ojection also changes sign, and
GLσσ￿ = G
RL
−σ−σ￿ . We hav seen above that this rela-
tion combined wit ti e-r versal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current f r this spin projection direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
f the different spin-resolved conductances do not only
d pend on the type of ribbon, but also on the choice of
q antization direction fo the spin.
For the anti-ar hair ribbon, the transversal mirror
symm try y elds the same expressions as for the previous
quantization axis, so agai GLR↑↓ = G
LR
↓↑ . And once more,
for anti-symm tric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrat s a particular case of this geometry.
As discussed a ove, when the pin projec ion direc-
tion is taken alo g et, the exist nce of the lo gitudinal
mirror symmetry doe not lead to any condition on the
spin-resolved co duc ances. This means th t for this
p ticular spin directio , polarized currents can be ob-
served even for symmetric zigzag and armchair n rib-
b ns. This assertion is verified in Fig. ??, which presents
the spi -r solved conducta ces for a symmetric ar chair
ribbo , with a spin p larization similar to that of a
asymmetric ribbon of similar size. The difference in the
spin up and down conductances for a symmetric zigzag
ribbon is given i Fig. ??.
For all the ribbons explored, he s in polar zation i
the transversal direction is larg st, as it has been lso re-
orted by other aut ors [? ]. This fact can be understood
by nalyzing the expression of the SOI Rashba term in a
continuum model: without fixing any artic l r direction
for t magnitud s inv lved, HR ∝ (σ × k) · E. Thus,
it ca be xpected a maximum contribu ion when the
di c ions of the electric fi ld E, the cur ent irect on k
and the spin a e orthogonal, as it happens with the spin
pr j cted in the transversal direction.
In su mary, we have studied the transp t properties
of nanoribbons with Rashba spin-orbit coupling, con-
sidering an elec ric field applied perpendicula ly to the
graphene plane. We calculate spin-dependent transport
on chiral raphene nanoribbons, t king into a count dif-
ferent spin polarization directions: parallel and transver-
sal to the electric field direction. We were able to predict
the existence or not of the spin polarization on the basis
of symmetry rules, including spatial mirror reflections,
rotation and time reversal symmetries. They are shown
to be crucial in the determination of such spin responses.
We consider that these findings will be quite useful for a
smart design of spin-dependent graphene devices.
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(Ml) : G
LR
σσ￿ = G
LR
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
(Ml, C2,Mt) : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
 (C2,Mt)↑↑ = ↓↓↑↓ ￿= ↓↑
(C2, Mt)
(C2, Mt)(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
Mt : G
LR
σσ￿ = G
RL
σ¯σ¯ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(Mt) : G
LR
σσ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
hola
TABLE I. Symmetries of the grap ene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σ σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructiv to verify how the additional longitudi-
nal mirror symmetry Ml, present in symmetric armchair
a d zigzag ribbons, leads to the absence of spin polar-
ization for this ch ice of quantization axis. In both cases
we hav tha the Ham ltoni hould b invarian under
(y → −y), (py → −py) and (σx,σz → −σx,−σz). Now L
and R do not change under Ml, but σz changes its sign.
Therefore, GLRσσ￿ = G
LR
−σ−σ￿ , and this relation alone rules
out the possibili y of a sp n p larized current, f r both
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ derive from it.
Two observations should be made at this point.
Firstly, the symmetries of the systems point ou a way to
enha ce t e spin polarized current: breaking he C2 sym-
metry (zigzag) a d theMt symmetry (arm hair). Thi i
the approach followed by s me au h rs, model ng semi-
conducto nanowir s with Rashba SOI with an effective
m del [? ], or symmetric zigz g ribbons combi ed wi h
diffe lengths [? ]. Secondly, n t that t eMl symme-
try op ratio does not aff ct t in in he transversal
di ection, and besides it does not xc ng rol of the
left and right electrode. This me ns t t the presenc of
this sym etry will n t yield a y relation for the cond c-
tanc if we ch ose the qua z i n axis along the width
of the nanoribb . So it is worthwhile to consid r he
spin projection direction along et and, besides the anti-
zigzag and anti-armchair ribbons, revisit the symmetric
armchair and zigzag cases for this choice.
Spin projection along the width of the GNR (z ￿
et). Now we set the z quantization axis parallel to
the nanoribbon transversal direction et. We choose y
in the direction of the current and therefore the elec-
tric field is along the x direction. For the anti-zigzag
ribbon, under a C2 rotation with respect to the x axis
we have that (y, z → −y,−z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-resolved
conductances, we have that L and R leads interchange
their role and the spin projection also changes sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We h ve seen above that this rela-
tion combined with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fi . ?? shows that, indeed, the spin polar-
ized current for this spin projection d rection is due to the
inequality of GLR↑↑ a d G
LR
↓↓ . Therefore, the symmetries
of the ifferent spin-res lved conductances do not only
depend on the type of ribbon, but also on the choice of
qu ntizatio irection for th spin.
For th anti-armchair ribbon, e transver al mirror
symmetry yields the same expressions as for the previous
qua tization axis, so again GLR↑↓ = G
LR
↓↑ . And once more,
for anti-symmetric ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a particular case of this geometry.
As discussed above, when the spin projection direc-
ion is taken long t, the existenc of the longitudinal
irr r symm try doe not lead to any condition on the
spin-resolved conductances. This means that for this
particular spin direction, polarized currents can be ob-
served even for symmetric zigzag and armchair nanorib-
bons. This assertion is verified in Fig. ??, which presents
the spin-resolved conductances for a symmetric armchair
ribbon, with a spin polarization similar to that of an
a ymmet ic ribbon of similar size. The difference in the
spi p and down conductances for a symmetric zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, the spin polarization in
the tra sversal direction is largest, as it has been also re-
ported by other authors [? ]. This fact can be understo d
by analyzing t expression of the SOI Rash a term in a
continuum model: without fixing any particular dir ctio
for the magnitu s involved, HR ∝ (σ × k) · E. Thus,
it can be exp cte a maximum contribution when t e
directions of the el ctric field E, the u ren directio k
and the spin are orthogonal, as it happens wi h th spi
projec ed in the tra sversal direction.
In summary, we h ve studie the transport properties
of nanoribbons with Rashba spin-orbit coupling, con-
sidering an ectric field applied erpendicularly to the
gr he pl n . We calcul te spin-d pendent transp r
on a ral graph ne nanoribbons, taki g into acc unt dif-
fer nt spin pol rizatio directions: p rallel and transver-
sal to the electric field direction. We we e able to p edict
the existenc or not of the spin polarization on the basis
4
(Ml) : G
LR
σσ￿ = G
LR
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ = ↓↑
C2,Mt : G
LR
σσ￿ = G
RL
σ¯σ¯￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(C2) : G
LR
σσ￿ = G
RL
σσ￿ + T.R.⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
t : G
LR
σσ￿ = G
RL
σ¯σ¯￿
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
(Mt) :
LR
σ ￿ = G
RL
σσ￿ ⇒
￿ ↑↑ = ↓↓
↑↓ ￿= ↓↑
hola
TABLE I. Symme ri s of the graphene flakes.
C2 Ml Mt
el, et → −el,−et et → −et el → −el
σl,σt → −σl,−σt σl,σp → −σl,−σp σl,σp → −σl,−σp
It is instructive to verify how th ddi io al longi di-
nal mirror symmetry Ml, present n symmetric rmc ai
zigzag ibbons, leads to the abse ce of spin pola -
izati for this c oice of quantization axis. I b cas
we have that the Ha il an should be invariant und r
(y → −y), (py −py) and (σx,σz → −σx,−σz). Now L
and R d not change under Ml, but σz changes its sign.
Therefo e, GLRσσ￿ = G
LR
−σ−σ￿ , nd hi relation alone rul s
out the ossibility of a spi pola ized current, for bot
GLR↑↑ = G
LR
↓↓ and G
LR
↑↓ = G
LR
↓↑ eriv fro it.
Two bservati ns should be made t this p i t.
Fir tly, the symm tries of the sy te s p t out way to
enh ce t pin polarized curre t: breaking C2 sym-
met y (zigzag) d theMt sy me ry ( mch ir). T i
he a pr ach foll by so e uthor , modeling s mi-
c nductor anowires wi h Rashba SOI with an effectiv
mo el [? ], r sy etric zigzag ribbon c bi ed with
iffer nt lengths [? ]. Secon ly, no hat theMl symme-
ry ope atio o s not affect the spin in the transver al
direction, and esides it d es n t exc an e he r l of
lef a d rig electrode. This m ns tha the pres nce f
thi symmetry will ot yield ny relation for the conduc-
tance if we c oose the quantization xis along the width
f the na oribbon. So it is wort w le to consider the
spin proj cti n dire tion along et and, besides the an i-
igzag nd nti-a mcha r ribbons, r visit the symmetric
arm air and zigzag ases for this choice.
Spi proj ction along the width of the GNR (z ￿
t). Now we se the z quantiz i xis parall l to
the nanoribbon transversal direction et. We choose y
i the direction of the current and therefore the elec-
tric field is along t e x direction. For the anti-zigzag
ribbo , under a C2 rotation with res ect o the x xis
we have that (y, z → −y, z), (py, pz → −py,−pz)
and (σy,σz → −σy,−σz). Thus, for the spin-r olved
conductances, we have that L and R leads interchange
their rol and th pin projection also ha g s sign, and
GLRσσ￿ = G
RL
−σ−σ￿ . We have ee abo e that this rela-
tion combin with time-reversal symmetry implies that
GLR↑↓ = G
LR
↓↑ . Fig. ?? shows that, indeed, the spin polar-
ized current for this spin proj ctio direction is due to the
inequality of GLR↑↑ and G
LR
↓↓ . Therefore, the symmetries
of the differ t spin-resolved conduct ces do not only
depend n ty of ribbon, but also on th oice of
quantizati n direction for the spin.
For the an -armchair ribb , e transv rsal mir r
symm try yields the same expressions as fo the previo s
quantizati n axis, s agai GLR↑↓ = G
LR
↓↑ . An onc more,
for anti-symmet ic ribbons, we have that GLR↑↑ ￿= GLR↓↓ .
Fig. 6 illustrates a parti ular case of this ge metry.
As discussed abov , when the spin projection direc-
tion is taken along et, the existence of the longitudinal
mirror symmet y does not lead to any condition on the
spin-resolved conductances. This means hat for this
articul r pin direction, p larized currents can be ob-
served ven for symmetric zigzag and armchair nanorib-
b . Th s assertion i erifie in Fig. ??, whic presents
the spin-resolved conductances for a symmetric armc ir
ibbon, wi a spi polarization similar o th t f a
asymmetr c ribbon o similar size. The differ nce in the
spin up and down c nductances for a symmetric zigzag
ribbon is given in Fig. ??.
For all the ribbons explored, the spin pol ization i
he tran versal direction is largest, as it has been also re-
ported y other aut ors [? ]. This fac can be understood
by analyzing xpression of the SOI Rashba t rm in a
continuu model: with ut fixing any particular dir ctio
for the magnitu es i olved, HR ∝ (σ × k) · E. Thus,
it can e expect d maximum contri u ion wh n h
dir t s f th le tric field E, the current direction k
and spi ar o thogo al, s it ha pens wit the spin
projected in the transversal direction.
In summary, we av studied the transp rt properti s
of anoribb ns wi h Rashba spin-orbit coupling, con-
idering an electric field applied p rp ndicularly to the
grap ene plane. We calculate s in-dependent transport
n achiral graphene nanoribbons, taking into account dif-
ferent spin polarization dir ctions: parallel and transver-
sal to th electric field direction. We were able to redict
th existence or not of he spin polarization on the basis
of symmetry rule , including spatial mirror r flections,
rotation and time reversal symmetries. They are shown
to be crucial i the determ nation of such spin responses.
We consider that th se fi dings will be quite useful for a
s art d ign of spin-dep ndent graphene devices.
↑↓ = ↓↑
↑↑ ￿= ↓
FIG. 3. Graphical summary of our results for grap ene
nanoribbon flakes. For each case, the first column ists the
spin direction; the second column shows the correspo ing
spin-res lved conductance relation wi h th spatial symm -
try employed for its derivation, indicating also whe r time-
reversal symmetry is needed (with a clock icon) in order to
obtain the final result shown in the th rd column, i.e., whi h
spin conductances are equal or no . Up and down arrow ar
referred to the spin projecti n dire ti n i icated in t e first
column. In the last column the red (blue) color of t e rec an-
gle surrounding the final spin conduct nc lations in icates
the possibility (impossibil ty) of getti spi -polariz d ra s-
port.
a ong the lines described in this w rk to other graphene
fl ke geometri s. How ve , th us of the symmetry r -
lations does not give us information n the mag itud of
the spin polariz tion. In order to quantify he spin pol -
izati n it is necessary to erf rm micro c ic calcula ions
taking into account all t e etails of the discrete lattice
and distingui hi g be een differ nt symmetri s. To do
that we use a tight-bin ing formalism for computing the
conductance f diff rent GNRs.
A. Microscopic calcula on
T Rashba spi -orbit i terac io in graphen can be
escrib d in the near t-ne ghbor hoppi g tight-binding
approximation41,42. The otal Hamilto ia is H =
H0 + HR, where H0 is the k n tic energy term, H0 =
−t∑ c†iαcjα, with t be ng the e r st-n ighbor hoppi g
and ciα, c
†
iα the des ruction and cr ati n opera ors for
an electron wi spin proj ction α in site i a d j, resp c-
tively. The Rashba SOI co tributio is given by
HR =
iλR
acc
∑
<i,j>
α,β
c†iα[(σ × dij) · ep]αβcjβ , (2)
with λR bei g the Rashba SOI strength that can be tuned
by the electric field intensity, σ are the Pauli spin matri-
ces, dij the position vector between sites i and j, α, β
are the spi projection indices. Due to the analytical ex-
pr s ion for HR (Eq. 2), a new symm try occurs. If λR
changes sign, the spin polarizations on the longitudinal
4and transversal directions also change sign, whereas the
polarization in the perpendicular direction is unaffected,
i.e., Ps(−λ) = −Ps(λ), (s = t, l);Ps(−λ) = Ps(λ), (s =
p). Notice that the sign of λR is determined by the sense
of the electric field which originates it.
We consider a graphene device composed of a cen-
tral flake with Rashba SOI and two semiinfinite pris-
tine nanoribbons of the same width as the conductor,
see Fig. 1. The conductance is computed in the Kubo
approach by using the Green function formalism43,44.
The spin-resolved conductance is given by GLRσσ′ =
e2
h Tr[Γ
L
σG
r
σ,σ′Γ
R
σ′G
a
σ′,σ] , where G
a(r)
σ,σ′ is the advanced (re-
tarded) Green function of the conductor and Γ
L(R)
σ =
i[
∑r
L(R),σ −
∑a
L(R),σ] is written in terms of the L (R) lead
selfenergies ΣaL(R),σ. In fact, an equivalent expression can
be reached from a scattering approach, equivalent to the
Kubo formalism, which evidences more clearly that the
symmetry of the conductance matrix is the same as that
of the Hamiltonian of the system.45,46
B. Numerical results
In order to verify the previous symmetry analysis,
we perform numerical calculations for several graphene
nanoribbons of similar widths and lengths, but for dif-
ferent symmetries and spin polarization directions. The
most common expression for the Rashba Hamiltonian
chooses z as the electric field direction, and therefore sets
this as the spin quantization axis, even though it is not
the most favorable from both the quantitative and the
symmetry viewpoint. For some systems, such as TMC
(WSe2 and MoS2), it has been experimentally reported
that spin polarization can occur in this particular setup.
Indeed, it has been dubbed a ”Zeeman-type” spin split-
ting with an electric field, due to the fact that the spin
and the external field are in the same direction.7 We first
analyze the results for this spin polarization direction,
and then concentrate on the best configuration for the
obtention of a spin-polarized current, namely, with the
spin transversal to the current and the electric field.
1. Spin direction perpendicular to the plane of the ribbon.
When the spin direction is along ep, flakes AC and
ZZ which have Ml symmetry cannot present a net spin-
polarized current. We have checked numerically this re-
sult, not shown here. On the contrary, the anti-armchair
and anti-zigzag GNRs do not show Ml symmetry, so they
may have a net spin-polarized current. Indeed, we have
found in both cases a finite spin-polarized transport; how-
ever, in this geometry the effect is small, especially for the
anti-zigzag flakes. Therefore, for the sake of clarity of the
spin-dependent conductance plots, we use a large value
of SOI for this configuration, λR = 0.3t. Fig. 4 shows
the spin-resolved conductances for an AAC graphene
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FIG. 4. Spin-resolved conductances and spin polarization of
the current as a function of the energy for an 8-AAC GNR of
length N = 6 for spin direction perpendicular to the plane of
the GNR and λR = 0.3t. Panel (a) shows the spin-conserved
and panel (b) the spin-flip conductances. Panel (c): Resulting
spin polarization of the current as a function of the energy. In
(d) we present the corresponding band structure of the infinite
ribbon with Rashba SOI (thick blue lines) and without SOI
(thin black lines). The top left schematic drawing indicates
the spin projection direction used for this plot, shown with a
thicker arrow.
nanoribbon with M = 8 and length N = 6. The AAC
flakes have Mt symmetry and therefore G
LR
↑↓ = G
LR
↓↑ ,
so a net spin-polarized current occurs because the spin-
conserved conductances are different, GLR↑↑ 6= GLR↓↓ .
In contrast, as the AZZ case has C2 symmetry, the
spin-conserved conductances are equal and the spin po-
larization occurs because GLR↑↓ 6= GLR↓↑ . Fig. 5 presents
the spin-resolved conductances for an AZZ ribbon of
width M = 9 and length N = 5. The spin current is
smaller in this case. We attribute this to the fact that
the infinite AZZ ribbon has also Mt symmetry, absent
in the flake, which would yield equal spin-flip conduc-
tances. Therefore, in this case the spin-polarized cur-
rent is clearly a finite-size or scattering effect, due to
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FIG. 5. Spin-resolved conductances and spin polarization of
the current as a function of the energy for a 9-AZZ GNR with
length N = 5 and spin direction perpendicular to the plane
of the GNR and λR = 0.3t. (a) Spin-conserved conductances,
which are equal due to C2 symmetry; (b) spin-flip conduc-
tances, which give rise to the spin-polarized current. (c) Spin
polarization of the current. (d) Band structure of the cor-
responding infinite ribbon calculated with Rashba SOI (thick
blue lines) and without SO interaction. The top left schematic
drawing indicates the spin projection direction considered for
this plot, shown with a thicker arrow.
the boundary between the leads without Rashba and the
flake with SOI.
In these two instances we can observe another rela-
tion for the conductances and polarization derived from
both time reversal and electron-hole symmetries. It can
be easily verified that the combination of Θ and U (see
Table I) yields GLRσσ′(E) = G
LR
σ¯σ¯′(−E). In terms of the
polarization, this means Ps(E) = −Ps(−E). Figs. 4 (a)
and 5 (b) are non-trivial examples for the spin-conserved
and spin-flip conductances, whereas Fig. 4 (c) shows this
symmetry in terms of the current polarization Pp(E).
Notice that there is a region around EF where the spin
polarization is zero. It corresponds to the energy range
with only two bands in the energy spectrum, as it can be
seen in panels (d) of Figs. 4 and 5. In order to have a net
spin current, more than two bands should be available in
the system.19 Using wider ribbons lowers the energies of
these additional bands.20
2. Spin projection parallel to the transversal direction of
the nanoribbon.
Now we discuss the case with spin projection parallel to
the nanoribbon transversal direction et. In this setup the
spin-polarized conductance is the largest, so this config-
uration is the most relevant from the experimental view-
point. This result can be inferred from the structure of
the Rashba Hamiltonian. In the continuum model the
Rashba term takes the form HR ∝ (σ × k) · E, being E
the applied electric field. Thus, a maximum contribution
can be expected when the directions of the electric field
E, the current direction k and the spin are orthogonal,
as it happens when the spin is pointing in the transver-
sal direction. For this spin direction, the symmetries do
not impose any condition to the spin-conserved conduc-
tances in all considered cases, i.e., GLR↑↑ 6= GLR↓↓ . Actually,
polarized currents are obtained in all four GNRs studied.
Results for each one of the symmetries illustrated in
Fig. 2, namely, zigzag (M = 8), armchair (M = 11),
anti-zigzag (M = 9) and anti-armchair (M = 8) GNRs
are presented in Fig. 6. The chosen ribbons have similar
widths and the same fixed length, N = 4. For this spin
direction, et, the magnitude of the polarized current is
similar in the four cases. Moreover, the spin polarization
of the symmetric GNRs presents magnitudes similar to
those found in the asymmetric cases. This result may be
understood on the basis that Ml does not play any role
for this particular spin orientation. Also, it is evident the
relation Ps(E) = −Ps(−E), imposed by electron hole-
symmetry, as given in Table I.
3. Final remarks.
Finally, we would like to mention that if the spin pro-
jection is taken along the longitudinal direction, the effect
is small, although not zero. The particular conductance
relations are also collected in the graphical summary pre-
sented in Fig. 3.
As our main focus in this work was the role of sym-
metry in the spin-resolved conductances, we have cho-
sen small flakes, for which the effects are clearer. For
longer flakes, the most notable (and obvious) difference
would be that the number of conductance and polariza-
tion oscillations increases, due to the appearance of more
quasi-localized states.
It is interesting to mention that the set of symmetries
discussed here also plays an important role on the size
dependence of the spin polarization. As discussed previ-
ously, in some systems, the spin polarized currents arises
because of a finite-size effect, whereas in others it is not
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FIG. 6. Left panels: Spin-resolved conductances as a function of the energy for an 8-ZZ, an 11-AC, a 9-AZZ and an 8-AAC
graphene nanoribbons of length N = 4, enumerated from top to bottom. In all cases the spin is projected in the transversal
direction of the GNR, indicated with a thicker arrow in the schematic drawing at the top. Right panels show the corresponding
polarization currents Pt. The results are obtained with λR = 0.1t.
so. If the polarization is due to a finite size effect, then we
expect that its maximum value will eventually decrease
with size, but in any case it should not grow on average.
On the other hand, if the polarization is due to a lack of
symmetry present both in the infinite and in the finite
case, there should be a non-zero polarization for all sizes.
As an example we have chosen a 9-AZZ ribbon; the cor-
responding flake has only C2 symmetry, but the infinite
ribbon has also Mt. For spin projection direction along
ep, this implies an extra relation in the spin-resolved con-
ductance (see Table I) that yields a zero polarization cur-
rent. However, for spin projection direction along et, the
relation is the same as for C2, so we expect the polarized
current to exist for growing size. These size dependences
are illustrated in Figure 7, where spin-polarized currents
are shown for the two discussed spin polarization direc-
tions and two flake lengths with Rashba SOI. Besides
the aforementioned oscillations due to the larger size, it
is notable the increase of the polarization of the current
presented in the bottom panel for the longer flake length.
As a general result, we have shown that for some par-
ticular graphene flakes (Fig. 2), the use of symmetries
allows us to elucidate which spin-resolved conductances
are equal and which are different. In the same way, al-
though not presented here, we can also infer that GNRs
with symmetric chiral edges, as those obtained by open-
ing carbon nanotubes, will behave as AZZ ribbons, be-
cause of their C2 symmetry. With respect to the size
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FIG. 7. Spin polarization currents as a function of the energy
for 9-AZZ GNRs with different Rashba SOI strength, spin
polarization directions, and ribbon lengths: (a) N=5 and 20,
λR=0.3t and spin projected in the perpendicular direction
(Pp) and (b) N=4 and 20, λR=0.1t and spin projected in the
transversal direction (Pt).
dependence, for wider ribbons the number of bands in-
creases, and the onset of spin polarized currents happens
for lower energies because of the availability of more than
7two spin channels.
V. SUMMARY
We have studied the symmetries of the spin-resolved
conductances in planar devices with Rashba SOI. The
combination of spatial mirror reflections and C2 rotation
with time-reversal symmetry leads to specific predictions
with respect to the possibility of obtaining spin-polarized
currents in such devices. As an example, we compute the
spin-dependent transport of graphene nanoribbons with
an applied electric field in finite region. We have shown
that spin-polarized currents can be achieved if the spin
polarization is measured in the transversal direction of
the ribbon for all the ribbon geometries. Furthermore,
we have analyzed all the basic symmetries and spin direc-
tions, elucidating which configurations can yield a spin-
polarized current on the basis of symmetry. The inten-
sity and sign of the Rashba spin-orbit coupling may be
modified by external electric field, opening the possibil-
ity of building an all-electrical spin valve. Our findings
can be useful for a smart design of spintronic graphene
devices, being of general application to other materials
with Rashba SOI.
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